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Conclusion Inducing a reproducible injury pattern of disc 
degeneration required minimal time, effort, and equipment. 
The posterolateral approach allows operation on several 
discs within a single surgery and multiple animal surgeries 
within a single day.
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Introduction
Knowledge of the fundamental mechanisms underlying 
intervertebral disc degeneration has improved significantly 
in recent years [1]. Several regenerative strategies for restor-
ing natural disc functionality are currently being developed. 
Depending on the severity of degeneration, various treat-
ments have been discussed, including gene, growth factor, or 
cell therapies [2, 3]. Development of an animal model with 
high comparability to the pathophysiology within the human 
motion segment following disc herniation is critical to evalu-
ate and adapt these techniques into future clinical practice. 
The ovine model stands out for evaluating degradation and 
regeneration of the spine [4, 5], with a proven comparability 
to human intervertebral disc anatomy [6], intradiscal pres-
sure [4], biomechanical stress [5], and cell physiology [7]. 
Currently, mechanical overload (compressive stress) [8] and 
chemical injection [7] are common methods for initiating 
degradation or large-scale structural damage in the spine. 
Percutaneous puncture, used in small animal models like 
rabbits [9], is often not described for large animal models. 
Several studies have defined approaches to the ovine lumbar 
intervertebral discs (IVD), but these methods are signifi-
cantly invasive, requiring open surgery [10–12] or drilling 
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through the pedicle and inferior endplate [13]. Additionally, 
none of these studies simulate a posterior lateral disc hernia-
tion. This study describes a minimally invasive percutane-
ous surgical procedure in an ovine model under fluoroscopic 
control in which a posterior defect is introduced into the 
annulus fibrosus (AF) and nucleus pulposus (NP) via seques-
trectomy. The goal is to generate significant, reproducible 
damage analogous to herniation in the lumbar disc with 
minimal operation time, motor deficits from the operation 
(OP), and OP morbidity. Approach outcome is evaluated by 
intraoperative radiography and postoperative histology. This 
approach can be applicable for further preclinical studies 
of IVD regeneration following disc herniation, e.g., using 
cellular therapeutic approaches in conjunction with scaffold 
materials.
Materials and methods
Cadaver study
Two ovine lumbar spines were dissected to expose critical 
bone and neuroanatomical landmarks to determine a safe 
surgical corridor for a percutaneous posterolateral approach 
(Fig. 1a). Manipulation of surgical instruments took place 
under a C-arm X-ray Imager BV 300 (Philips Healthcare, 
Netherlands) to verify positioning. Additional μ-CT imaging 
confirmed the exact instrument orientation within the disc.
Animal model
This study, approved by the animal ethics committee of 
Saxony, Germany, involved 28 ovines meeting the inclusion 
criteria: healthy adult females (age 2–3 years) of normal 
weight (52–84 kg, μ = 65.7, σ = 8.87) with full mobility. 
Each animal was pre-reviewed to verify their spine health 
with no preexisting conditions or damage. Each animal was 
kept in an indoor recovery enclosure for 1 week postopera-
tively. Subsequently, all animals were released for daytime 
grazing and allowed their natural rhythm of movement.
Anesthetic protocol
Each animal was fasted for 12 h preoperatively to prevent 
abdominal distension and aspiration during surgery. Mida-
zolam (0.2 mg/kg) and butorphanol (0.2 mg/kg) was injected 
intramuscularly for sedation. After insertion of a jugular 
vein intravenous line, intravenous anesthesia preparation 
medication was introduced: xylazine (0.2 mg/kg), ketamine 
(10–15 mg/kg), and atropine (0.2 mg/kg) to prevent hyper-
salivation. An endotracheal tube was inserted and anesthesia 
maintained by isoflurane inhalation (2–3% in oxygen) under 
continuous cardiac and ventilation monitoring by a Dräger 
Sulla 808 anesthesia tower (Dräger, Lübeck, Germany). A 
gastral tube was inserted and all animals received periopera-
tive intravenous antibiotics (veracin).
Surgical technique
Disc selection for injury was made using a random number 
generator to choose between L1/L2, L5/S1, and if avail-
able L6/S1. Under general anesthesia, the ovine was placed 
on the operating table in a supine position. The anatomi-
cal landmarks for the skin incision are easily palpable: the 
iliac crest, lumbar transverse processes, and costal arch. 
Major features were marked for reference and a temporary 
Fig. 1  Puncture corridor (the ex  vivo preparation). The puncture 
site is located 12 cm from the spinous process line. Puncture corri-
dor (ex vivo preparation). a The puncture site, located 12 cm from the 
spinous process line. b A 60°–90° insertion angle allows for access of 
the annulus fibrosus surface and relatively safe penetration with mini-
mal inadvertent movement of the awl
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longitudinal marking was drawn on the skin parallel and 
1 cm inferior to the transverse processes (Fig. 2). The skin 
was prepared with an alcohol-iodide antiseptic wash fol-
lowed by sterile draping.
A 0.5 cm skin incision was made at the intersection 
of the longitudinal marking and a 90° line determined by 
anteroposterior (a.p.) X-ray examination via the C-arm. The 
IVD was then carefully punctured through the skin incision 
with a straight awl (Aesculap FG 268 R-4000 K, Germany 
(Fig. 3a). Exact location of the disc entrance point was deter-
mined by evaluating matching a.p. and lateral X-rays. After 
verifying positioning, the awl was inserted into the annulus 
fibrosus. A 12 cm long Fehling Ceramo 1.5 rongeur (Fehling 
Instruments, Germany; Fig. 3b) was guided to the nucleus 
pulposus through the created surgical corridor with the 
entrance point to the disc exactly where the annulus fibrosus 
was previously punctured. For this purpose, the minimum 
required instrument length is 12 cm. The terminal target 
point in the center of the lumbar disc was verified by a.p. and 
lateral X-rays. A single-punch sequestrum (0.1–0.2 cm3) was 
extracted from the target region and the rongeur removed. 
Two staples closed the incision and the skin was washed 
with 70% isopropanol/ethanol and povidone-iodine.
Intraoperative imaging and discography
Intraoperative imaging was performed with a C-arm in 
anterior/posterior projection. Discography of the damaged 
disc was performed 6 weeks postoperatively for all animals 
to demonstrate defect closure, resealing access to the NP. 
For this purpose, the damaged disc was punctured with a 
 SPROTTE® cannula (PAJUNK Medical, Germany) on 
the contralateral side of the initial surgery and filled with 
Solutrast 200 contrast agent (Bracco Imaging Deutschland 
GmbH, Germany) to a pressure of 1 MPa.
Postoperative management
Following spontaneous breathing, each animal was extu-
bated and transferred to their holding pens. Flunixin was 
given as the postoperative analgesic and antibiotics (veracin-
compositum, 3 ml/50 kg Kgw.) administered for 10 days.
Fig. 2  The anatomical landmarks are highlighted in marker. a Pro-
cessus spinosi; b lateral transverse process line; c costal arch; d ala of 
the ilium; e injection site to damage the motion segment; f segment 
marking
Fig. 3  Small, percutaneous puncture; a 0.5  cm long incision, 1  cm 
lateral to the transverse process line, and the surgical awl with a flat-
tened elliptical tip shape (3.0 mm; 1.1 mm). In addition, the tip is still 
bent in a radius of 3200  mm to the shaft, This has a conical shape 
with a maximum diameter of 60 mm (Aesculap FG 268 R-4000 K—
Aesculap, Germany); b rongeur (Fehling Ceramo 1.5 rongeur—
Fehling Instruments, Germany) inserted into the motion segment
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Tissue removal
Animals were humanely euthanized during standard anes-
thesia by intravenous administration of 6 ml/50 kg T61 
(active agents: embutramide, mebenzoniumiodide, tet-
racaine). After confirming cardiac arrest, the lumbar spine 
was excised and each motion segment isolated by cutting 
through the midaxial planes of the vertebral bodies. Dorsal 
and transverse processes, zygapophyseal joints, and spinal 
cord were removed.
Micro‑computed tomography (µ‑CT)
Samples were stored at − 36 °C to prevent postmortem 
manipulative tissue damage or degeneration. µ-CT was 
performed using a phoenix nanome|x 180NF (GE, USA), 
an X-ray cone-beam system with a flat detector array and 
image amplifier, operated with increasing radiation inten-
sity and extended integration times. Resulting voxel size 
was 25 microns, allowing visualization of the IVD lamel-
lar structure. Average disc height was evaluated along the 
disc’s anteroposterior midline from µ-CT radiographs [14]. 
Statistical data analysis included one-way ANOVA along 
with Tukey’s test to verify the significance of mean values.
Histology and light microscopy
Motion segments were fixed for 7 days in 2.5% glutaral-
dehyde PBS buffer, re-frozen, and trisected. Samples were 
dehydrated via ascending ethanol series and embedded in 
Technovit9100 resin (Heraeus Kulzer, Germany). Resin 
blocks were cut into 2 mm thick slices, fixed to microscope 
slides, and ground to 50 µm. Samples were Masson–Gold-
ner stained [15], then visually recorded using Slide Scan-
nerZEISS Axio Scan.Z1 (Zeiss, Germany). The histological 
scoring method presented by Hoogendoorn et al. [7] was 
used for microscopic evaluation of disc degeneration. This 
method characterizes the level of disc degeneration on a 
scale of 0 (normal) to 2 (degenerated) for three key regions 
of the disc: the annulus fibrosus, AF-NP border, and NP 
matrix. Therefore, final scores fall between 0 (no degenera-
tion in any region) and 6 (degeneration in all regions). Both 
the native and damaged disc groups were analyzed via one-
way ANOVA and Tukey’s test to verify the significance of 
mean values.
Results
Cadaver evaluation
Cadaver dissection revealed a safe entry point 12 cm lateral 
of the spinous process line (Fig. 1a). A straight surgical cor-
ridor to the nucleus pulposus was identified (Fig. 1b), free 
of anatomical barriers like the ipsilateral transverse process, 
segmental facet, and segmental spinal nerve roots. Figure 4 
shows intradiscal positioning and puncture direction in rela-
tion to bony landmarks.
Surgical technique
All lumbar disc levels (T12/L1 to L5/L6) are accessible 
using the posterolateral approach. Access to the L6/S1 disc 
can prove difficult due to obstruction from the iliac crest. 
This procedure can be performed in under 30 min (26–60 
min, μ = 36.1, σ = 8.87) with minimal blood loss and post-
operative discomfort to the animal, representing quantita-
tive advantages over previously published disc approaches. 
Approximately, ten intra-operative images were taken per 
surgery (Fig. 5) to demonstrate and verify instrument posi-
tioning. This X-ray dosage corresponds to a minimal level 
of radiation exposure.
Fig. 4  3D μ-CT reconstruction for visualization of awl puncture (a ventral view; b lateral view; c cranial view)
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Intraoperative complications
None of the animals showed intraoperative pain reactions 
(e.g., teeth grinding) or cardiovascular abnormalities in 
central venous pressure, pulmonary arterial pressure, car-
diac output, heart rate, oxygen saturation, or arterial blood 
gas. However, one animal was excluded from the test series 
due to inadequate independent respiration (dysventilation) 
following anesthesia. Bleeding from small subcutaneous 
vessels occurred in some animals during surgery, but was 
abated by simple compression. None of the operations 
resulted in major vessel injury, spinal cord hemorrhage, or 
direct nerve stimulation (limb movement). Nerve reflexes in 
the legs were normal.
Postoperative complications
Soft tissue damage along the operative corridor was mini-
mal, resulting in fast wound healing and recovery. The 
majority of test animals began breathing independently and 
consuming food 10–15 min after anesthesia ended. However, 
one animal demonstrated a partial loss of motor function in 
the hind limbs, manifesting as delayed postoperative rising, 
uncertain gait, and a preference to remain lying down and 
inactive. This animal was unable to independently join the 
herd after a week and was removed from the test series.
Induction of IVD degeneration
A second discography was performed at 6 week post-op. All 
damaged segments were pressure stable at 1 MPa, with no 
pressure drop observed over a 15-min period. As verified 
by histology (Fig. 6h), scar tissue had pressure sealed the 
peripheral AF following injury. In comparison to the intact 
AF architecture of the native disc (Fig. 6e), the damaged 
disc’s AF shows permanent alteration of the fiber structure 
(Fig. 6f, arrows) and a discernible puncture duct following 
NP tissue removal. No puncture duct can be observed at the 
Fig. 5  Representative intraoperative fluoroscopic images of the puncture corridor to the motion segment. Insertion of surgical awl (a, b); tissue 
collection from the NP (c, d); BV recordings with frontal (a, c) and lateral beam path (b, d)
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contralateral AF region from discography injection (Fig. 6h). 
Disc height loss after 6 weeks was substantial (Fig. 6a, b), 
with an average 25% reduction.
Figure  7a demonstrates the statistically significant 
(p = 3.95e−4) decrease in mean disc height between the 
control group (3.75 mm ± SD 1.06 mm) and the damaged 
disc (3.02 mm ± SD 1.01 mm).
As seen in Fig. 7b, comparison of the Hoogendoorn his-
tological score distributions demonstrates that the damaged 
discs following a partial nucleotomy (4.33 ± 0.41) have a 
significantly (p = 0.009) higher score than the native discs 
of the control group (2.56 ± 0.44), corresponding to more 
severe degeneration.
Discussion
Ovines are commonly used in preclinical spine research to 
develop implants and cell/drug therapies due to comparable 
anatomy to humans [16–18]. Due to small anatomical dif-
ferences from the human spine, anterior and lateral surgical 
approaches are widely used and well documented [12, 19]. 
However, these approaches are associated with invasive or 
time intensive transperitoneal or retroperitoneal dissection 
techniques to prevent nerve injury. Surgically introduced 
damage is preferable over mechanical stress and chemical 
injection methods, as surgical damage is highly reproducible 
[7, 12]. Mechanical damage does not allow the same level of 
Fig. 6  Comparison of native 
and damaged ovine discs, the 
latter damaged by NP tissue 
removal. µCT of native (a) and 
damaged segments (b). Light 
microscopy of Masson–Goldner 
histology of native (c) and dam-
aged segments (d). Enlarge-
ments of c: peripheral ventral 
(e) and peripheral dorsal (g) AF 
with intact lamellar structure. 
Enlargements of d: peripheral 
ventral (f) AF with injured 
lamellar structure and periph-
eral dorsal (h) AF
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precision and control, while the duration and full effects of 
chemicals are usually unknown and can impact the evalua-
tion of regenerative strategies.
Percutaneous puncture, used in small animal models, is 
not often described for large animals. Due to lower intra-
discal pressure and significantly thicker AF, NP tissue is 
not extruded. This fact, analogous to humans, also allows 
discography and measurement of intradiscal pressure during 
motion in sheep [4, 20].
It is possible to surgically initiate disc degeneration in 
the ovine lumbar spine using antero- and posterolateral 
approaches. The posterolateral approach has not been pre-
viously performed in the relevant test animal literature [17]. 
Ventral and ventrolateral approaches are common due to 
calcification/ossification of the posterior longitudinal liga-
ment in sheep, which complicates disc puncture [10, 12, 
21]. Other studies have chosen an open surgical approach 
and demonstrated that a partial nucleotomy causes perma-
nent damage and progressive degeneration. However, these 
approaches only partially mimic human lumbar disc hernia-
tion due to the extensive collateral damage to surrounding 
tissue inherent to open surgery. Another percutaneous access 
route is described by Vadala [19] by drilling through the 
vertebral body and end plate, avoiding complications in the 
field of the spinal cord. However, migration of mesenchymal 
stem cells (MSC) through the endplate puncture is possible, 
potentially promoting cartilage regeneration [16]. As the AF 
remains undamaged, NP regenerative therapies likely appear 
more successful experimentally due to less leakage into the 
surrounding tissue. This approach is, therefore, unrepre-
sentative of disc herniation and more appropriate for regen-
erative models using other therapeutic targets, e.g., gene 
therapy. In the present study, we use the predilection site 
for physiological disc herniation according to Van Heeswijk 
et al. [22]. However, in contrast to natural herniation, the 
described technique creates a direct, rectilinear lesion in the 
AF.
A skin incision of only 0.5 cm is necessary for the pro-
posed method (Fig. 3). The awl opens a small channel, com-
parable to other percutaneous surgical procedures. Using a 
blunt tool like an awl for penetration means the AF is not 
cut as with other techniques, but rather the local fiber struc-
tures of the AF are stretched, similar to disc herniation. AF 
failure can be seen as a hybrid of local tearing of individual 
fibers and slippage of overstretched fibers from the main 
loading zone [23]. From recent in vitro and clinical studies, 
two typical types of herniation have been defined: mid-span 
failures and endplate junction failures [23–25]. Awl pen-
etration of the AF requires approximately 5 s, comparable 
to the mid-span failure time of disc herniation triggered by 
body motion [26, 27]. This allows the fibers in the periph-
eral zone of the load to have a viscoelastic flow, remaining 
intact and relaxing again in contrast to cut fibers [28]. The 
surgical corridor and instrument size were selected to match 
the desired magnitude and position of AF rupture. Using a 
rongeur with a gripping volume of 0.1 cm3, approximately 
0.15 cm3 of tissue was retrieved. This tissue volume falls 
within the 0.1–0.2 cm3 range for typical human disc seques-
ters [24, 29], though ovine intervertebral discs are smaller 
than those of humans [5, 6]. The rongeur only grasps tissue 
and does not cut through it; therefore, the volume of tissue 
sequestered from each respective individual is only predict-
able within a range. While AF tissue was not specifically 
identified as part of this procedure, the NP:AF ratio of such 
a sequester is typically 1:1, based on previous findings of 
sequester tissue composition [25, 30].
Fig. 7  Quantitative and qualitative disc degeneration. a Box plot 
comparing the distribution of disc height measurements along the 
IVD anteroposterior midline between the control disc (dark shade) 
and damaged disc (light shade). b Comparative histological evalua-
tion of intervertebral disc degeneration between the damaged (partial 
nucleotomy) and native (control) groups using the scoring method of 
Hoogendoorn et al. [7]
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Six weeks post-injury, all investigated segments show 
a resealed dorsal AF with obvious tissue irregularities as 
shown in Fig. 6f. The presence of granulated tissue (Fig. 6f, 
circle) indicates scar tissue formation, which verifies pres-
sure stability of the discs. In comparison, native discs are 
characterized by a regular lamellar AF structure (Fig. 6e, f). 
These results confirm the hypothesis of Osti et al. regard-
ing the healing abilities of peripheral annulus fibrosus tis-
sue [31]. Due to the geometry of the awl and rongeur, the 
puncture corridor is discernible 6 weeks after injury by 
irregularities in the AF lamellar structure. This does not, 
however, accelerate the development of concentric and radi-
ating clefts. Additionally, disc puncture for discography does 
not lead to any further tissue failure. In this model, disc 
degeneration is predominantly generated by the removal of 
the NP tissue.
The quantitative histological scoring method used in this 
study was developed by Hoogendoorn et al. to compare disc 
degeneration in goats between an experimental group intra-
discally injected with chondroitinase ABC enzyme and an 
untreated group as the control [7]. As the discs of the experi-
mental group in the present study have been mechanically 
damaged via partial nucleotomy, significant degenerative 
changes were seen in all three areas considered in the histo-
logical score, which is reflected by the comparatively high 
score values calculated. However, the control group mean 
score also indicates some degeneration, though significantly 
lower than that of the damaged group. This is due to the fact 
that control discs and experimental discs were taken from 
the same animal and disc injury/herniation has an indirect 
pathological effect on the rest of the lumbar spine. Similar 
secondary degeneration has also been described in human-
oids [23, 29] and is due to the mechanical overloading of 
non-herniated discs in a mechanically destabilized spinal 
column.
However, no procedure is without risk; two test ani-
mals were lost from the study population. One animal was 
excluded from the test series due to inadequate independent 
respiration (dysventilation) following anesthesia; the cause 
remains unknown. Anesthesia-related test animal fatality is 
always a factor in ovine studies and requires special atten-
tion [31]. The second animal was excluded due to a nerve 
root affection and consecutive muscle group paresis. One 
possible explanation for that specific case is nerve damage 
resulting from unfavorable or unstable positioning on the 
operating table. Additionally, the force required to punc-
ture the AP with the awl could have caused undesirable 
stimulation of the local nerves. The result was not complete 
nerve damage, as the animal was able to stand and walk, 
but is an unsatisfactory outcome because the animal could 
not return to normal activity. Additional imaging and post-
mortem examination showed no disturbance of any skeletal 
structures.
Regarding the risks of using the proposed posterolateral 
corridor, it is important to remember that all surgical proce-
dures carry the potential for unintended, secondary damage. 
However, the comparative risk of this approach method must 
be considered relative to previously published approaches. 
A thorough understanding of the gross anatomical features 
of the region greatly reduces the risk of damage to collateral 
tissues. Additionally, localization of the desired entry point 
via intraoperative discography helps verify proper angling 
in the surgical corridor. The surgical risks of previously 
reported surgical methods are considered by the authors to 
be much greater, necessitating open surgery (and, therefore, 
retraction of major structures) or drilling through bony struc-
tures, e.g., the endplate.
Both anesthesiological and surgical complications are 
possible using the posterolateral method. However, the 
mortality rate seen falls (3.5%) between that of compara-
ble studies, e.g., Guder et al. (three of 20, 15%) [11] and 
Baramki (one of 105, 0.95%) [10]. In much of the literature, 
there is no evidence that the particular surgical method used 
contributed to anesthesia-related losses.
Conclusions
The presented surgical technique is a percutaneous poste-
rolateral approach to simulate a far-lateral disc herniation, 
demonstrating a minimally invasive and time efficient alter-
native to open anterior, anterolateral, and lateral approaches 
to the ovine lumbar spine. Using this approach, regenerative 
therapies can be tested for efficacy in the context of a lumbar 
disc herniation.
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